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Abstract 
Maximum power consumption comes to building heating, which depends on the efficiency of building envelopes. Energy consumption of 
building sector covers 50% of the total energy consumption. Reducing building energy cost it is necessary to increase the energy 
efficiency of complex elements in envelopes, both in their production and operational conditions. The usage of plant-based materials such 
as hemp hurds, which has high porosity and porous structure, increases efficiency of envelopes, reduces production cost, relatively 
reduces the emission of CO2, because, in order to perform photosynthesis, plants absorb CO2 and release oxygen. This feature is very 
important ecologically and it is increasingly important factor for humanity. This paper covers the composite materials of the hemp hurds 
and different binders such as cement, clay, starch. The compressive strength, thermal conductivity dependence on density and 
microstructure of various compositions composites were investigated.  
© 2013 The Authors. Published by Elsevier Ltd.  
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Nomenclature 
d thickness of specimen 
Greek symbols 
λ thermal conductivity (W/(m·K)) 
ρ density (kg/m3) 
σ strength (kPa) 
Subscripts 
sk  chosen strength or density 
f real strength or density 
1. Introduction 
Maximum power consumption comes to building heating, which depends on the efficiency of building envelopes. 
Building sector energy consumption covers 50% of the total energy consumption [1]. Reducing building energy cost it is 
necessary to increase the energy efficiency of complex elements in envelopes, both in their production and operational 
conditions. In order to build environmentally friendly, energy efficient and affordable buildings, it is appropriate to link the 
agricultural and construction industries [2]. Environmentally friendly buildings can only be built when there is the use of 
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renewable resources [3]. Insulation materials are increasingly used in the production of renewable resources such as hemp, 
flax, jute straw, various kinds of wood [4].  
Hemp (also known as industrial hemp, non-narcotic hemp) is known as species called Cannabis sativa with low quantity 
of tetrahydro cannabinoids (THC) [5].  
• Hemp is a plant that easy adapts to new growth conditions and is characterized by high species diversity [6]. 
• Hemp stem, depending on the species, consists of approximately 20-40% (by weight) of fiber, which is outside of the 
stem, and 60-80% (by weight) of wood (hurds) [7-8].  
Chemical composition of raw hemp fiber is as follows: cellulose (55-72%), hemicellulose (8-19%), lignin (2-5%), wax 
(<1%) and minerals (4%). Hurds have higher content of lignin (19-21%) and hemicellulose (31-37%), but lower amount of 
cellulose (36-41%) [9]. 
Hemp is one of the most rational plant because all of its parts are used in industry. Hemp seeds are used for the edible oil 
extraction [10] and biodiesel production [11-12], bast fibers are used in special paper production, cars (for thermoplastics 
reinforced with natural fibers and used in the manufacture of door panels), construction (thermal insulating boards) and 
other (agro and geotextiles, mattresses, shoes) industries. Fiber is obtained by soaking the hemp stalks in order to separate 
the fibers and non-fibrous components called hurds. Hemp hurds are ligneous woody tissues, which are considered as fiber 
products obtained by secondary manufacturing [13]. 
Although the usage of new hemp hurds is being developed, but most of them are used for animal litter (95%) and in 
construction (usually used as a filler in hemp concrete) only 5% [14]. 
The hemp fiber insulation is made of composite materials. Scientists investigated the material from hemp fibers, hurds 
and a binder (fiber with bio-components), they exhibited low thermal conductivity which varied from 0.0393 W/(m·K) to 
0.0486 W/(m·K), when density was from 40.3 kg/m
3 to 77.9 kg/m3 respectively [15]. Conducted analysis by Finnish 
scientists has showed that the thermal insulation materials made from hemp or hemp and flax fiber mixture with density 
varying from 5 kg/m
3 to 100 kg/m3 have the thermal conductivity ranging from 0,033 W/(m·K) to 0.094 W/(m·K) [16].  
Hemp hurds are suitable for the production of thermal insulation composites due to their porous structure consisting of 
small pores, and due to this good strength and thermal properties can be achieved. Hemp hurds are loose-fill material, so it 
can be characterized by two types of porosity, i.e. internal particles (hurds) porosity and porosity of the particles formed 
between particles [17]. By the method of 3D tomography foreign scientists had determined that porosity of hemp hurds was 
of 57%. The size of pores formed between the particles depends on the texture of hurds and it is about 1 mm. The inner 
porosity of hemp hurds consists of 15% of 70 μm sized pores and 85% of 400 μm pores [18] (Fig. 1). 
                                       
Fig. 1. Pores layers in hemp stem cross-section (Schäfer 2006) [19] 
Hemp hurds are commonly used as a filler in the manufacture of hemp concrete. Foreign scientists [10], [20], [21], [22] 
studied hemp concrete, in which the binding material was lime. The results showed that compressive strength was from 
0.2 to 1.2 MPa and the modulus of elasticity – from 3 to 90 MPa. Elford 2008 also investigated the thermal conductivity of 
hemp concrete with lime binder. The thermal conductivity of specimens with a density ranging from 417 kg/m
3 to 
551 kg/m
3 varied from 0.179 W/(m·K) to 0.485 W/(m·K). Swedish scientists [23] studied the mechanical properties of 
composite materials from hemp hurds, fibers and several different binding materials (slaked lime, quicklime and cement 
mixtures). Compressive strength of (where the binder was mixed in different proportions of slaked lime and quicklime) 
mixture of cement and lime and only cement, varied from 0.15 MPa to 0.83 MPa, and the modulus of elasticity varied from 
12.6 MPa to 28.0 MPa respectively when the density of the specimens ranged from 587 kg/m
3 to 733 kg/m3.  
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Literature analysis has shown that lime is usually used as a binding material for tests of composites from hemp hurds. 
The usage of other binding materials has been barely studied, so the aim of this work is to figure out how to use binder in 
order to obtain omptimal strength and thermal insulating properties. 
2. Materials and test methodology 
Hemp hurds were prepared from Lithuanian dried hemp stalks, from which long fibers were manually separated. After 
removal of long fibers, hemp stalks were conditioned for 24 hours at 23±3°C temperature and 50±5% relative air humidity. 
Stems were rotary grinded by mill with an output of 1.1 kW and speed of 2800 rev./min. 30 seconds of grinding time was 
chosen for the experiment. In the case of shorter grinding hurds are not grinded to the required fractions of 2.5-5 mm, and 
longer grinding causes a significant amount of dusts, which have adverse effect on composite formation because they only 
increase the need for water. After grinding, short fibers were separated, and the remaining hemp hurds were sieved through 
laboratory sieves. Sieved hurds with a fraction of 5, 2.5 mm were used for tests. Hemp hurds with coarse fraction were 
grinded again, and dusts (smaller than 0.063 mm) were removed. Binders which were used for composites with hemp hurds:  
1) Portland cement (CEM I 42,5N); 2) Clay powder; 3) Starch;4) Slaked lime; 
In order to form specimens, CEM I 42,5 N-type Portland cement conforming to EN197-1:2011 standard, clay powder 
with a fraction of 0-2 mm, content of sand less than 15% and plasticity number – 9.86, unmodified corn starch, which swells 
in water at 90°C and slaked lime comforming to EN 459-1 standard were used. 
The specimens were formed in metal 70x70x70 mm forms. The mixture was placed into forms in three times. After each 
placement of the mixture into the form it has been compacted by metal stick. Specimens with cement, lime and clay were 
maintained in forms for 24 hours. After removal from the forms, specimens were maintained for 28 days at 23±5°C 
temperature and 50±5% relative air humidity. Semi-finished specimens were dried in an oven SNOL at (105±2)°C 
temperature for 24 hours. Specimens with a starch used as a binding material were dried in power rack at (160±5)°C 
temperature for 24 hours. 
Compression tests were carried out in accordance with EN 826:1998 requirements. Compressive strength σm and stress-
strain curve were obtained for each tested specimen. Compression tests were carried out using test machine H10KS 
Hounsfield (England); the loading rate was of (0,1·d) mm/min, the error of the meter varied from 1 to 11N. The tests were 
conducted at ambient temperature (23±5) °С and relative air humidity (50±5)%.  
Thermal conductivity tests of the materials were carried out in accordance with EN 12667 and EN 12939 requirements. 
Tests were carried out using computerized thermal conductivity machine λ-Meter EP 500 (Germany) (Fig. 2).  
 
Fig. 2. Thermal conductivity machine Lamda Meter EP500 
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The nominal range of the machine varied from 0,004 W/(m·K) to 0,500 W/(m·K), the accuracy was of 1 %. The 
difference between the plates of the machine – 10 °C. The thermal conductivity was determined by continuous heat flow at 
mean temperature of 10°C. Upper plate can be raised or lowered, i.e. its position can be changed vertically along the 
specimen surface and parallel to the direction of heat flow. Tests specimens were pressed by upper plate which formed the 
load of 500 Pa. Before testing, the specimens were sanded with an abrasive grinding wheel,  materials were conducted at 
23±2°C temperature and 50±5% relative air humidity. Structure analysis executed using scanning electron (SEM) 
microscope JEOL JSM 7600f, with a maximum magnification of 1 million times and a resolution of 1 nm. Structures of the 
specimens were recorded at 100 and 10 000 magnification. 
3. Experimental part 
3.1. Forming mixtures 
Tests were carried out with 15 compositions of forming mixtures, which are presented in Table 1.  
Table 1. Compositions of forming mixtures 
Composition 
number 
Water, 
ml 
Hurds,   
gr 
Fraction, 
mm 
Binder 
W/ B H/B Cement, 
gr 
Hydrated 
lime, gr 
Starch,     
gr 
Clay,        
gr 
C1 500 200 5 500 - - - 1.0 0.4 
C2 360 200 5 400 - - - 0.9 0.5 
C3 360 200 2,5 400 - - - 0.9 0.5 
C4 400 200 2,5 500 - - - 0.8 0.4 
K1 540 200 2,5 - - 440 - 1.2 0.5 
K2 700 200 2,5 - - 600 - 1.2 0.3 
K3 620 200 2,5 - - 520 - 1.2 0.4 
K4 540 200 5 - - 440 - 1.2 0.5 
K5 620 200 5 - - 520 - 1.2 0.4 
K6 700 200 5 - - 600 - 1.2 0.3 
M1 400 200 2,5 - - - 400 1.0 0,5 
M2 200 200 2,5 - - - 200 1.0 1.0 
M3 300 200 2,5 - - - 300 1.0 0,67 
CMK1 600 200 2,5 200 200 - 200 1,0 0.33 
CMK2 600 200 2,5 250 250 - 250 0.8 0.27 
3.2. Determination of compressive strength 
Results of compressive strength tests are presented in Fig. 3. The figure presents the mean value of compressive strength 
of different composition specimens (three specimens of each composition with a size of 70×70×70 mm were crushed). 
Black columns show compressive strength obtained during the experiment. In order to facilitate the comparison, the 
experimental compressive strength was calculated to compressive strength, which can be obtained for specimens with a 
density of 400 kg/m
3: 
2
2
,
f sk
sk
f
σ ⋅ρ
σ =
ρ
 
where: σsk – calculated compressive strength of composite with a chosen strength, σf – real compressive strength of the 
composite, ρsk – chosen density, ρf – real density. 
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Fig. 3. Experimental and recalculated compressive strength of composites with the density of ρ=400 kg/m3. ■- σreal; □-σat ρ=400 kg/m3 
As Fig. 3 shows, compressive strength of specimens with a cement used as a binding material (C1, C2, C3, C4) varied 
from 738 kPa to 1553 kPa, when the density ranged from 350 kg/m3 to 519 kg/m3 respectively. Maximum compressive 
strength was obtained for specimens, which were formed from hurds of 2.5 mm fraction, water and binding material ratio of 
0,8, hurds and binding material ratio of 0.4. The increase of compressive strength was determined by higher content of 
binding material and increase in area of contact zone of finer fraction.  
The mean compressive strength of specimens with a starch used as a binding material (K1, K2, K3, K4) varied from 
1424 kPa to 1913 kPa, when density ranged from 351 kg/m
3 iki 480 kg/m3 respectively. Maximum compressive strength 
was obtained for specimens (K3), which were formed from hurds of 2.5 mm fraction, water and binding material ratio of 
1.2, hurds and binding material ratio of 0.4. For further studies it was decided to use only 2.5 mm fraction of hurds, because 
in almost all cases compressive strength of composites with mentioned fraction is higher.  
Composite with clay powder in all cases had low compressive strength. The mean compressive strength ranged from 
405 kPa to 676 kPa when density varied from 315 kg/m
3 to 461 kg/m3 respectively. Quite low compressive strength values 
compared to the previously used binders could be explained by small amount of binder. Higher cement content was not 
choosen, because it would significantly increase density of the specimens and thermal conductivity, which is a determining 
factor in order to obtain an efficient, thermal insulating-structural composite material. 
The increase in compressive strength of specimens with hemp hurds and mixed binder consisting from cement, clay and 
slaked lime (CMK1, CMK2) was not observed. Higher binder content increased the density of the specimens, which 
negatively affected the thermal properties, so for further investigations CMK1 and CMK2 compositions were not used.  
3.3. Thermal conductivity 
Since tests of thermal conductivity require large enough specimens (500×500×50 mm), and the raw material preparation 
and the testing itself is very time-consuming processes, therefore, composite compositions which showed the highest 
compressive strength were chosen. Specimens with cement and starch binder were formed for thermal conductivity tests.  
Density of specimens with starch used as a binder varied from 260 kg/m
3 to 444 kg/m3, and obtained thermal conducity 
ranged from 0,074 W/(m·K) to 0,112 W/(m·K) respectively. Density of specimens with cement used as a binder varied from 
351 kg/m
3 to 561 kg/m3, and obtained thermal conducitivity ranged from 0,075 W/(m·K) to 0,110 W/(m·K) respectively. As 
Fig. 4 shows increasing density increases thermal conductivity of the specimens. Such increase may be explained by the fact 
that increasing density increases the area of contact zones, consequently the thermal conductivity through solid carcass 
increases. 
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Fig. 4. Thermal conductivity dependence on composite density. ●- specimens with starch, + - specimens with cement 
3.4. Structure 
When forming the composite structure, it is important to get reliable contact zones to ensure adequate material strength 
characteristics. From the point of view of thermal conductivity, the area of contact zones should be continuous in order to 
avoid continuous thermal bridges through which heat is transferred by intensive thermal conduction through the solid 
carcass. Different microstructure of specimens with cement (Fig. 5b), starch (Fig. 5c) and clay (Fig. 5d) can be observed.  
 
Fig. 5. Microstructure of hemp hurds and composite with different binding material: 5a – hemp hurds (×100), 5b – hemp hurds with cement (×10000),  
5c – hemp hurds with starch (×10000), 5d - hemp hurds with clay (×10000) 
(a) (b) 
(c) (d) 
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Fig. 5a shows the structure of hemp hurds. Stem cells, which form the porous structure, may be observed. We can also 
observe the transverse diaphragm pores, which are useful for thermal conductivity, since increasing material porosity, 
reduces heat loss through the solid carcass. 
Fig. 5b shows silicate hydrates gel CSH, which forms on the hemp hurds during the hydration. Hemp hurds are gel 
coated evenly, we can see that even walls of transverse aperture pores of hemp hurds (visible voids shown in figure) are 
covered with gel CSH [24]. Smooth coating ensures excellent adhesion to hurds, this is useful in terms of compressive 
strength and, in order to achieve good strength properties, we can say that hemp hurds are well bonded with cement binder, 
before the formation does not require special treatment. However, this increases the area of contact zones as well as heat 
loss through the carcass of solid material. 
Fig. 5c shows hemp hurds with starch binder. As shown in the figure, starch granules are decomposed, hardened paste is 
seen as well, so we can say that the starch with water was maintained at the specified temperature for the right time. Paste 
covers the wall of hurds evenly, resulting in a good composite compressive strength results.  
Fig. 5d shows a clay with the thin, flat particles having a crystal structure. Moistened clay powders are characterized by 
mechanical and electrostatic forces causing strong affinity between the ultra-thin plate-shaped particles what gives the 
binding capacity for clay dough [25]. The figure shows clay particles (measured using Image Tools) with the size varying 
from 0.08 μm to 2.5 μm, they are cohered due to above mentioned forces. Clay particles cover all the pores in the wall of 
hurds. As we can see from the figure, clay particles (when the water dries) forms heterogeneous structure, therefore contact 
area between them are smaller, so the compressive strength results are worse compared with starch or cement. 
4. Conclusions: 
1. The best thermal properties were obtained by using hemp hurds of 2.5 mm fraction, because of formation of finely 
porous structure. The minimum thermal conductivity obtained using starch binder – 0.074 W/(m·K) with the density 
of 260 kg/m
3; thermal conductivity of 0.075 W/(m·K) with the density of 351 kg/m3 was obtained with a cement 
binder. 
2. The best compressive strength results were obtained by using hemp hurds of 2.5 mm fraction, because of formation 
of the highest area of contact zones. Compressive strength of composites with a starch was of 1913 kPa when the 
density was of 480 kg/m3; compressive strength of 1553 kPa with the density of 519 kg/m3 was obtained with a 
cement binder. 
3. Microstructure studies have shown that a homogeneous structure is obtained using starch and cement binders. Hemp 
hurds in composite with cement binder assume strength when evenly covered with the calcium hydrosilicates 
(CSH1) gel, and the starch binder - when evenly covered by the hardened paste. Homogeneous structure ensures 
good strength properties of the composite, consequently the best results of compressive strength were obtained using 
starch and cement binders. Plate-shaped clay particles shrinks and curves during the drying process, thus reducing 
their area of contact zones, what results in a poorer compressive strength. 
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